Background-Animal models suggest that the neurotransmitter inhibitor, botulinum toxin, when injected into the epicardial fat pads can suppress atrial fibrillation inducibility. The aim of this prospective randomized double-blind study was to compare the efficacy and safety of botulinum toxin injection into epicardial fat pads for preventing atrial tachyarrhythmias. Methods and Results-Patients with history of paroxysmal atrial fibrillation and indication for coronary artery bypass graft surgery were randomized to botulinum toxin (Xeomin, Merz, Germany; 50 U/1 mL at each fat pad; n=30) or placebo (0.9% normal saline, 1 mL at each fat pad; n=30) injection into epicardial fat pads during surgery. Patients were followed for 1 year to assess maintenance of sinus rhythm using an implantable loop recorder. All patients in both groups had successful epicardial fat pad injections without complications. The incidence of early postoperative atrial fibrillation within 30 days after coronary artery bypass graft was 2 of 30 patients (7%) in the botulinum toxin group and 9 of 30 patients (30%) in the placebo group (P=0.024). Between 30 days and up to the 12-month follow-up examination, 7 of the 30 patients in the placebo group (27%) and none of the 30 patients in the botulinum toxin group (0%) had recurrent atrial fibrillation (P=0.002). There were no complications observed during the 1-year follow-up. Conclusions-Botulinum toxin injection into epicardial fat pads during coronary artery bypass graft provided substantial atrial tachyarrhythmia suppression both early as well as during 1-year follow-up, without any serious adverse events. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT01842529.
A trial fibrillation (AF) is a common complication of cardiac surgery, [1] [2] [3] with an incidence of 10% to 50% and typical appearance at 2 to 5 days after surgery. 4, 5 Postoperative AF may lead to serious complications, such as increased risk of acute kidney injury, hemodynamic instability, cardiac failure, stroke, and death. [6] [7] [8] Postoperative AF substantially increased the cost of coronary artery bypass graft (CABG) as well. [7] [8] [9] [10] [11] Guidelines strongly recommend using β-blockers to prevent postoperative AF [12] [13] [14] ; however, all therapeutic options have variable efficacy and some may adversely affect hemodynamic stability. [15] [16] [17] [18] [19] [20] Experimental and clinical data suggest that the autonomic nervous system may play a critical role in the initiation and maintenance of AF. [21] [22] [23] Previous studies on spontaneous initiation of AF in patients and animals indicated that activation of both the sympathetic and the parasympathetic nervous systems often preceded the onset of AF. [24] [25] [26] [27] Targeting cardiac autonomic ganglia by endocardial or epicardial fat pad ablation has been shown to successfully suppress AF. [28] [29] [30] [31] Recently, animal studies demonstrated that neurotoxins such as botulinum toxin injected into these fat pads could suppress AF inducibility. 32, 33 Botulinum toxin blocks the exocytotic release of acetylcholine stored in synaptic vesicles and thus interferes with cholinergic neurotransmission, which is important in postganglionic neurons. 34 The blocking effects are temporary and recover in 1 to 6 months, depending on the injection site. 35 For patients with a high short-term risk of postoperative AF after cardiac surgery, temporary suppression of AF without any destruction of the anatomic structures is clinically desirable.
We previously reported the short-term results of the firstin-man prospective randomized double-blind study to compare the efficacy and safety of botulinum toxin injection into epicardial fat pads for the prevention of postoperative atrial tachyarrhythmia in patients with paroxysmal AF undergoing CABG surgery. This study demonstrated that botulinum toxin injection substantial suppressed postoperative atrial tachyarrhythmias during the first postoperative month after CABG without any serious adverse events. 36 We hypothesized that by suppression of the ganglionated plexi (GP) activity in the epicardial fat pads, longer term antiarrhythmic effects can be achieved.
Methods
The methodologic details of this study were published previously. 36 Briefly, this was a randomized, double-blind, parallel-group, 2-center study that compared treatment with botulinum toxin to normal saline (placebo). The study protocol was approved by the local Ethics Committee and conducted in compliance with the protocol, and in accordance with standard institutional operating procedures and the Declaration of Helsinki. All patients enrolled in the study provided written informed consent. The study was registered with ClinicalTrials.org (NCT01842529).
Patient Population
Patients were eligible based on the following criteria:
Inclusion Criteria
Preoperative history of paroxysmal AF. Indication for CABG according to the American College of Cardiology/American Heart Association guidelines for CABG surgery. 37
Exclusion Criteria
Previous heart surgery or AF ablation procedure Emergency CABG Unstable angina or heart failure Persistent AF or AF at the time of screening Planned maze procedure or pulmonary vein (PV) isolation Use of class I or III antiarrhythmic drugs within 5 elimination half-lives of the drug (or within 2 months for amiodarone) Need for concomitant valve surgery Unwillingness to participate Patients were randomized to botulinum toxin (n=30) or placebo (n=30) injection into epicardial fat pads using a coded envelope system opened on the day of the surgery. Patients were followed for 1 year to assess maintenance of sinus rhythm ( Figure 1 ).
The primary end point was recurrence of any atrial tachyarrhythmia, including AF and atrial tachycardia, during the follow-up after CABG procedure on no antiarrhythmic drug. The secondary end points included time intervals from end of surgery to extubation and discharge from intensive care unit (ICU), creatine kinase MB isoenzyme levels, post-CABG length of stay, congestive heart failure, sustained ventricular arrhythmias, myocardial infarction, infection, renal failure, respiratory failure, stroke or transient ischemic attack, rehospitalization, readmission to ICU, death, heart rate variability (HRV), and AF burden during the 12-month follow-up based on implantable loop recorder (ILR) findings. All end points were independently adjudicated by 2 blinded cardiologists.
Botulinum Toxin/Placebo Injection
All patients underwent conventional CABG. After the main stage of the surgery, botulinum toxin (Xeomin, incobotulinumtoxin A, Merz Pharma GmbH & Co KGaA, Germany; 50 U/1 mL at each fat pad; botulinum toxin group) or 0.9% normal saline (1 mL at each fat pad; placebo group) was injected into the entire visible area of the 4 major epicardial fat pads ( Figure 2 ). Injections were performed using a conventional insulin syringe (1 mL) in 2 stages. First stage was a needle puncture at 45° relative to the surface of the fat pad at a depth of 2 mm; the second included an additional 2-mm advancement of the needle parallel to the surface of the pad. After needle placement, adipose tissue infiltration was performed by injection of solution at volume 0.2 to 0.3 mL per puncture. The infiltration zone had a distinctive whitish color and clear boundary, and was 5 to 6 mm in diameter. To cover the entire surface of the fat pad, it was necessary to create 3 to 5 such infiltration zones. The first epicardial left atrial fat pad was located anterior to the right superior PV and corresponded to the anterior right GP (Figure 2A ); the second epicardial fat pad was located inferoposterior to the right inferior PV and corresponded
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• Animal studies demonstrated that neurotoxins such as botulinum toxin injected into these fat pads could suppress atrial fibrillation inducibility.
WHAT THE STUDY ADDS
• Botulinum toxin intraoperative injection into the epicardial fat pads prevented recurrences of atrial tachyarrhythmia in patients with previous paroxysmal atrial fibrillation undergoing coronary artery bypass graft surgery.
• The botulinum toxin injection did not delay timing of discharge from the ICU, increase postoperative hospital length of stay, or cause any other identifiable postoperative complication.
• Botulinum toxin injection induced pronounced alteration of heart rate variability components for ≈6 months, suggesting reduction of both parasympathetic activity and sympathetic activity. Figure 2B ); the third fat pad was located anterior to the left superior PV and left inferior PV (between the PVs and left atrial appendage) and corresponded to the Marshall tract GP and superior left GP ( Figure 2C ); and the fourth fat pad was located inferiorly to the left inferior PV and extended posteriorly and corresponded to the inferior left GP ( Figure 2D ).
Implantable Loop Recorder
The ILR (Reveal XT, Medtronic, Inc, Minneapolis, MN) was implanted on the day of the CABG procedure in all patients. The ILR protocol has been defined in detail previously. 38 The device stores the amount of AF per day (daily AF burden, hours of AF in 1 day) and the AF burden of the overall follow-up period, defined as the percentage of time spent in AF (AF%). In addition, the ECG is stored for the visual confirmation of AF episodes. AF was visually verified by investigators through the analysis of the stored ECGs. By compiling data from multiple follow-up sessions, it was possible to discern the trend in the AF burden during prolonged periods.
Patient Follow-Up
All antiarrhythmic drugs were discontinued before the CABG procedure, regardless of the cardiac rhythm. Rehospitalization and treatment for AF were monitored. The data stored by the ILR were collected at 7, 14, 21, and 30 days and then at 3, 6, 9, and 12 months. At each followup visit, all AF recordings were manually reviewed to confirm automatic detections. Any erroneous designations were removed. Patients were provided with the Patient Assistant, a tool that allows each patient to store the ECG through the implanted device during symptoms; data were collected to analyze heart rhythm during symptomatic events.
Definition of Responders
Patients with an AF% ≤0.5% were considered AF free (Responders), whereas those with an AF% >0.5% were classified as patients with AF recurrences (non-Responders). This cut-off of 0.5% corresponds to a maximum cumulative time in AF of 3.6 hours in 1 month and to >99.5% of the time spent in sinus rhythm during the overall follow-up period. 38, 39 AF was visually verified by investigators through the analysis of the stored ECGs and all follow-up visits. ILR interpretations were made by physicians not aware of the randomized ablation treatment.
Heart Rate Variability
HRV as an indicator of autonomic nervous system activity was evaluated by a standard technique before and after CABG procedure when on no antiarrhythmic drugs. Analysis of 24-hour monitoring data was performed by considering SDNN, the SD of RR intervals during the entire analyzed period, and rMSSD, the root-mean-square of differences between successive RR intervals. The absolute values (ms) of the power of the low frequencies (LFs) and high frequencies (HFs) were investigated. The autonomic balance was assessed by the spectral LF to HF ratio (LF/HF). Mean sinus rate and time domain and frequency domain analyses of HRV were obtained from 24-hour Holter records before and after the surgical procedure.
Statistical Analysis
Results are expressed as mean values±SD for continuous, and frequencies and percentages for categorical variables. Continuous variables were compared by Student t test or Wilcoxon test as appropriate. Сategorical secondary end points and categorical demographic, clinical, adverse events, and CABG variables were compared by either χ 2 test or Fisher exact test. Differences in arrhythmia-free survival were assessed by using the log-rank test. Linear mixed-effects models with fixed (treatment and time) and random (subject) effects were used for analysis of treatment by time interactions. On the basis of Mauchly test, the assumption of sphericity was considered as valid for all mixed-effects models. After establishing overall significance of a model, Tukey all-pair post hoc comparisons with adjustment for multiplicity were carried out.
All reported P values were based on 2-sided tests and a P<0.05 was considered significant. All statistical calculations were performed by using the SPSS version 13.0 software (SPSS Inc, Chicago, IL). 
Results

Study Patients
There were no baseline differences between groups (Table 1 ). There were no differences in the number of grafts placed, duration of aorta cross-clamping, or number of off-pump CABGs performed between groups (all P>0.05; Table 2 ).
AF Freedom During Follow-Up
On the basis of ILR data, the incidence of early postoperative AF (≤30 days follow-up) was 2 of 30 patients (7%) in the botulinum toxin group and 9 of 30 patients (30%) in the placebo group (P=0.024, log-rank). After 30 days and up to the 12-month follow-up examination, 7 of the 30 patients in the placebo group (27%) and none of the 30 patients in the botulinum toxin group (0%) had recurrent AF (P=0.002, log-rank). AF% was significantly higher in the placebo group than in the botulinum toxin group through the entire follow-up period: the mean AF burden was 1.7±3.1% and 0.3±0.5%, respectively (P<0.001; Figure 3 ).
All patients were completely asymptomatic in the botulinum toxin group and 2 patients were symptomatic in the placebo group. In the placebo group at the end of follow-up, 6 patients with recurrences had paroxysmal AF and required treatment with antiarrhythmic drug; 2 patients had progression to persistent AF and underwent catheter ablation. None of the patients in the botulinum toxin group received any form of antiarrhythmic therapy or intervention, and none had developed persistent AF.
Safety Data
There were no significant differences in the median time of extubation, or intervals from the end of surgery to discharge from the ICU (all P>0.05; Table 3 ). There were no significant differences in creatine kinase MB isoenzyme levels in the postoperative period. There was no significant difference in the postoperative hospital length of stay between groups (P=0.12). Other postoperative complications (see Methods section of this article), including death, were similar between groups (all P>0.05; Table 4 ).
Heart Rate Variability
The results of time domain and frequency domain HRV are shown in Table 5 . After surgery, all the time domain and frequency domain HRV parameters decreased precipitously in both groups. At 1-month follow-up, SDNN decreased from baseline by 45% (P<0.05) after botulinum toxin injection and by 49% (P<0.05) in the placebo group; rMSSD dropped by 69% (P<0.05) and 55% (P<0.05) respectively; LF decreased by 77% (P<0.05) and 71% (P<0.05), respectively; HF fell to the lowest levels in both groups by 76% and 66%, respectively; and LF/HF decreased by 43% and 23%, respectively (P<0.05 in both cases). At the same time, mean HR increased more in the botulinum toxin group than in the placebo group, by 22% and 13%, respectively (P<0.05 for both within and between-group comparisons). At 3 months, HRV parameters relatively recovered in the placebo group, whereas they remained largely depressed in the botulinum toxin group. In the placebo group, SDNN increased by 61% (P<0.001), rMSSD increased by 71% (P<0.001), LF by 175% (P<0.001), HF by 131% (P<0.001), and LF/HF by 35% (P<0.001) when compared with 1 month. At 6 months in the botulinum toxin group, the time domain and frequency domain HRV parameters remained significantly suppressed when compared with baseline, but demonstrated a strong trend toward recovering. The results in the placebo group were similar to values observed at 3 months. At the end of the follow-up period, time domain and frequency domain HRV characteristics were not significantly different from those observed at 6 months in both groups, and no between-group differences were detected. Values are n (%). CABG indicates coronary artery bypass graft.
Discussion
The main findings of this double-blind, randomized, placebocontrolled study were as follows: (1) botulinum toxin intraoperative injection into the epicardial fat pads prevented recurrences of atrial tachyarrhythmia in patients with previous paroxysmal AF undergoing CABG surgery; (2) the botulinum toxin injection did not delay timing of discharge from the ICU, increase postoperative hospital length of stay or cause any other identifiable postoperative complication; (3) botulinum toxin injection induced pronounced alteration of HRV components for ≈6 months, suggesting reduction of both parasympathetic activity and sympathetic activity; and (4) despite the finding that HRV changes dissipated in 6 months, botulinum toxin injection was associated with a lower AF burden during 1-year follow-up. AF is a common complication of cardiac surgery with an incidence of 10% to 50%. [1] [2] [3] [4] [5] In a recent study, Aranki et al 10 demonstrated that 70% of postoperative AF occurrence was clustered around the first 4 postoperative days, 94% being diagnosed in the first 6 days, and only 6% more than a week after surgery. Postoperative AF was more often seen in females and in older patients, especially those with a history of chronic heart failure. Furthermore, a higher EuroSCORE and lower EF predicted the development of postoperative AF. 10, 40 Patients with postoperative AF were more likely to be diagnosed with minor as well as major complications (ie, stroke, MI, acute renal failure requiring dialysis, and sternum dehiscence). 41 patients with postoperative AF also had longer total length of hospital stay, and specifically the stay in ICU can more than doubled. 42 Postoperative (<30 days) mortality was 5% in patients who were diagnosed with postoperative AF, when compared with only 0.7% in patients with postoperative normal sinus rhythm. The difference in survival is also reflected in long-term survival: an 83% 5-year survival for patients with postoperative AF and 93% for patients with postoperative normal sinus rhythm. 42 Autonomic imbalance and the interaction between inflammatory substances inducing GP hyperactivity play a major role in the mechanism of postoperative AF. 43, 44 The operative procedure results in release of inflammatory substances that could activate nerve endings of the atrial neural network, instigating AF, as shown in experimental models. 44, 45 Several previous studies have shown an advantage of prophylactic β-blocker therapy for postoperative AF, but owing to their possible negative inotropic effects and a lack of consensus on clinical guidelines, their use has not been universal. 46 Furthermore, preoperative antiarrhythmic medications are often withheld for several days, which might further compound the risk of arrhythmias.
Lu et al 28 , using a rapid atrial pacing model, clearly demonstrated the role of GP ablation in the suppression of AF. They showed that shortening of the effective refractory period, increase of effective refractory period dispersion, and increased AF inducibility caused by rapid atrial pacing were all reversed by ablation of the 4 major atrial GPs and the ligament of Marshall. In animals receiving GP ablation first, rapid atrial pacing for 6 hours failed to change the effective refractory period, effective refractory period dispersion, and AF inducibility. Several clinical studies also indicated the benefits of autonomic denervation by targeting the major atrial GP. 22, 30, [47] [48] [49] [50] Tsuboi et al 51 tested selective injection of botulinum toxin A into the fat pad for prevention of bradycardia induced by vagal nervous stimulation in the dog heart. They demonstrated that botulinum neural toxin A selectively injected into the sinoatrial fat pad inhibited a decrease in sinus rate in response to vagus nerve stimulation, and suggested that botulinum toxin can inhibit ganglionic neurotransmission in the dog heart in situ. In a study by Yu et al 32 , a neurotoxic agent (N-isopropylacrylamide monomer) in the anterior right and inferior right GPs reduced GP activity with a subsequent increase in the AF threshold. In a recent study, Oh et al 33 investigated the short-to mid-term effects of GP suppression by botulinum toxin on AF inducibility in the dog. The vagal stimulation effects on dispersion of ERP and AF inducibility were significantly attenuated at 1 week after botulinum toxin injection and recovered at 2 to 3 weeks. These findings suggest that temporary suppression of AF may be achieved with botulinum toxin in canine models, possibly by reduced dispersion of ERP.
Suppression of HRV after surgical maze or CABG is a well-recognized phenomenon. 52, 53 Surgical maze involves extensive injury to the GP and autonomic nerves, leading to persistent changes of the HRV beyond a year. The changes in HRV after CABG are thought to result from manipulation of the heart and adjacent structures, prolonged anesthesia, and the use of cardioplegics and extracorporeal circulation. In this study, all the HRV parameters were markedly suppressed in both groups after surgery. In the botulinum toxin group, all the HRV parameters remained suppressed, whereas the same parameters had recovered to the pre-CABG levels in the control group, consistent with previous reports that HRV changes returned to normal within 4 months after CABG. The effects of botulinum toxin injection lasted for at least 3 months but dissipated before 6 months, consistent with the expected duration of its neurosuppressive effects.
An intriguing finding of this study is that the antiarrhythmic effects appeared to persist through the 1-year follow-up. It is known that autonomic innervation of the heart consists of a large neural network and GP serve as the integration centers in the neural network. 23, [27] [28] [29] [30] [31] [32] The major atrial GP, targeted by botulinum toxin in this study, contain hundreds to thousands of autonomic neurons, mainly postsynaptic cholinergic neurons activated by presynaptic acetylcholine. The neural network controls the regional electrophysiological functions, such as the refractory period and dispersion of the refractoriness. Although HRV has been used for decades to measure the global sympathovagal balance, its activity often does not correlate with the neural activity of the cardiac autonomic neural network. For instance, individual values for LF power and LF/ HF are not correlated with cardiac noradrenaline spillover and LF power is not associated with myocardial sympathetic innervation by 11 C-hydroxyephedrine scanning. 54 The lack of Rehospitalization for AF 0 (0%) 0 (0%)
Readmission to intensive care unit 0 (0%) 0 (0%) Death 0 (0%) 0 (0%)
Values are mean±SD or median (25th-75th percentile). AF indicates atrial fibrillation; and CABG, coronary artery bypass graft. December 2015 correlation between the neural activity of the atrial neural network and HRV may explain the observation in this study that the antiarrhythmic effects lasted beyond the HRV changes.
Animal studies demonstrated that autonomic hyperactivity and AF form a vicious cycle. 55 The former can initiate AF and the latter can further enhance the autonomic neural activity. Suppression of the GP activity may be able to break this vicious cycle and suppress AF by prolonging the effective refractory period, reducing the dispersion of refractoriness, inhibiting triggered firing of both PVs and non-PV tissue as well as suppressing both the sympathetic and the parasympathetic neural activity. 28, 55 It is also possible that reduction in early AF events facilitated reverse remodeling, which then helped diminish subsequent AF events. We hypothesize that these salutary effects led to the antiarrhythmic effects of botulinum toxin reported in this study. In other words, by breaking the vicious cycle formed by AF and autonomic hyperactivity, the antiarrhythmic effects of botulinum toxin, which was expected to last for 2 to 3 months, extended to a year.
Limitations
This is the first-in-man study of botulinum toxin injection into the epicardial fat pads so that a limited number of patients were enrolled. Although the study was randomized, double-blind, and prospective, the results will require validation in additional and larger trials. The denervation effect of the sympathetic and parasympathetic systems was not confirmed by precise objective tests such as quantitative measurements of norepinephrine and acetylcholine, or by intracardiac electrophysiological measurements. Also the study has not confirmed the presence of, or the precise mechanisms, by which functional atrial remodeling by botulinum toxin injection may occur.
The AF burden before procedure of each patient was not available and there might be a difference between the botulinum toxin group and the control group. However, the potential bias is minimized by randomization of the study patients. The use of ILR is advantageous for completeness of AF data collection but may detect more episodes than many centers routinely capture using external ECG methods and does not exactly conform to HRS guidelines for tracking AF outcomes. 13
Conclusions
Botulinum toxin injection into the epicardial fat pads reduced cardiac autonomic nervous system activity and provided substantial postoperative AF suppression after CABG without any serious adverse events. The favorable reduction of AF was present within the 30-day postoperative window, but also during longer follow-up during 1 year.
